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In  this  study,  we  fabricated  two  thermoelectric  (TE)  generation  (TEG)  devices  based  on 
p-Bio.4Sbi.6Se2.4Te0.6  and  n-Bi2Se0.6Te2.4  bulk  TE  materials.  The  overall  dimensions  of  these  devices, 
which  comprise  9  (Di)-and  18(D2)-couples  of  legs  connected  and  attached  to  alumina  substrates  by  Ag 
paste-Cu  plate-Ag  paste  electrodes,  are  50  mm  x  25  mm  and  50  mm  x  50  mm,  respectively.  The  open- 
circuit  voltage  (Voc)  and  the  maximum  output  power  (Pmax)  were  estimated  in  terms  of  the  temperature 
difference  (AT)  between  hot  (TH)  and  cold  (Tc)  junctions  as  well  as  the  number  of  p-n  couples  of  the 
TEG  devices.  The  significance  of  the  resistances,  including  the  internal  resistance  (Rin)  and  contact 
resistance  ( Rc )  between  legs  and  electrodes,  are  discussed.  Pmax  obtained  with  the  D2  device  was 
273  mW  under  thermal  conditions  of  TH=  523  K  and  AT=184  K. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  thermoelectric  (TE)  power  generation  (TEG)  device  produces 
voltage  when  a  temperature  difference  (AT)  exists  between  the 
hot  and  the  cold  sides  of  the  device  because  of  the  Seebeck  TE 
effect  [1].  These  generators  have  the  following  advantages:  no 
moving  parts,  small  and  lightweight,  maintenance-free,  acousti¬ 
cally  silent  and  electrically  “quiet,”  and  environmentally 
friendly  [2].  Bi2Te3-based  chalcogenides  have  attracted  consider¬ 
able  interest  for  their  promising  TE  properties  [3].  However,  the 
enhancement  of  TE  properties  is  strongly  required  for  empirical 
applications.  An  approach  for  the  enhancement  of  TE  properties  is 
the  optimization  of  the  doping  effective  route.  For  example, 
recent  devices  have  used  Bi2Te3,  a  semiconductor  that,  when 
alloyed  with  antimony  (Sb)  or  selenium  (Se),  becomes  an  efficient 
TE  material  for  power  generation  because  of  the  variations  in 
carrier  concentration  and  carrier  mobility  [4,5].  As  an  alternate 
approach,  researchers  have  attempted  to  improve  the  efficiency  of 
materials  based  on  Bi2Te3  by  creating  structures  with  one  or  more 
reduced  dimensions  [6].  In  one  case,  an  n-type  Bi2Te3  has  been 
shown  to  have  an  improved  Seebeck  coefficient  (S).  However,  S 
and  electrical  conductivity  (cr)  have  a  trade-off;  a  higher  S  results 
in  decreased  carrier  concentrations  and  decreased  a  [7].  The 
fundamental  physical  parameters  of  Bi-Sb-Se-Te  and  Bi-Se-Te 
TE  materials  such  as  cr,  S,  and  power  factor  ( Pfactor )  are  given  in  our 
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previous  papers  [8,9],  which  reported  that  the  highest  Pfactor  has 
been  obtained  for  compositions  of  Bi0.4Sb16Se2.4Teo.6  and 
Bi2Se0.6Te24.  For  Bi2Se0.6Te2.4  as  n-type  materials,  the  carrier 
concentration  is  adjusted  by  doping  with  tellurium  (Te),  which 
is  conducted  in  the  present  paper.  Te  atoms  exhibit  a  donor  action 
because  they  replace  Se  atoms  in  the  lattice,  each  contributing 
one  electron  to  the  conduction  band  [10].  Apparently,  the  ioniza¬ 
tion  energy  of  a  Te  atom  is  very  low.  Therefore,  this  atom  in 
Bi2Se0.6Te2.4  is  almost  fully  ionized.  As  an  extension  of  our 
previous  work,  we  fabricated  9  and  18  couples  of  TEG  devices 
and  focused  on  the  properties  of  the  two  devices  that  use 
Bio.4Sbi.6Se2.4Te0.6  as  p-type  and  Bi2Se0.6Te2.4  as  n-type  materials. 

2.  Experimental  procedure 

The  p-type  and  n-type  ingots  were  grown  using  solid-state 
microwave  synthesis,  as  described  in  previous  literature  [8,3]. 
After  grinding  the  ingots,  both  types  of  powders  were  pressed  into 
disks  (5  mm  in  diameter  and  3.5  mm  thick)  through  cold  pressing 
at  lOt.  The  assemblies  of  9  (Di)  and  18  (D2)  couples  from  these 
pellets  were  placed  between  two  alumina  plates  with  the  corre¬ 
sponding  dimensions  of  50  mm  x  25  mm  and  50  mm  x  50  mm, 
respectively,  which  served  as  hot  and  cold  ends  for  the  relevant  TE 
pellets.  The  electrodes  for  TEG  device  should  have  high  thermal 
conductivity  in  the  thickness  direction  and  high  electrical  con¬ 
ductivity  in  the  plane  direction  [11].  Therefore,  Ag  paste-Cu  plate- 
Ag  paste  electrodes  were  employed  and  designed  because  Cu  has 
the  highest  thermal  conductivity  and  electrical  conductivity 
among  all  metals.  The  Ag  paste-Cu  plates-Ag  paste  electrodes 
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were  prepared  on  the  inner  surface  of  the  alumina  substrates.  The 
devices  were  then  dried  at  room  temperature  for  one  day  to 
metalize  the  electrodes  on  the  devices.  Selected  regions  of  the 
electrodes  were  imaged  using  scanning  electron  microscope  (SEM; 
JSM-6460).To  evaluate  device  performance,  the  top  alumina  plate 
was  heated  up  to  523  K  using  one  brass  block  as  a  heater  for  the 
device,  and  the  bottom  plate  was  cooled  by  another  brass  block 
with  circulated  cooling  water.  AT  between  the  hot  and  the  cold 
sides  was  measured  by  two  digital  K-type  E®  Sun  (ECS820C) 
thermocouples  near  the  inner  surface  of  the  alumina  substrates. 
The  current-voltage  ( l-V)  lines  and  the  current-power  (J-P) 
curves  of  power  generation  were  measured  in  air  using  variable 
load  resistance  (RL)  and  a  Keithley  197  voltmeter. 

Reproducibility  measures  how  closely  two  or  more  measure¬ 
ments  agree  one  another  [12].  Given  that  the  number  of  parts 
(n)= 5,  number  of  trials  (r)= 2,  and  number  of  appraisers  =  3, 

Reproducibility  =  ^/(2.696X)2 -(Repeatability2 /nr),  where  X  is  the 
average  of  the  difference  in  the  average  measurements  between 
the  appraiser  with  the  highest  average  measurements  and  the 
appraiser  with  the  lowest  average  measurements  for  all  appraisers 

and  parts.  Repeatability =4.478R,  where  R  is  the  average  of  the 
ranges  for  all  appraisers  and  parts. 


3.  Results  and  discussion 

The  output  voltage  ( Vout )  and  the  output  power  (Pout)  of  the 
fabricated  9(Di)-  and  18  (D2)-  couples  versus  the  current  (Jout) 
were  measured  by  sweeping  RL  at  several  temperature  conditions, 
as  shown  in  Fig.  1(a)  and  (b).  The  first  study  involved  the 
determination  of  the  l-V  output  characteristic  of  the  TEG  devices. 
As  expected,  Vout  increased  with  the  AT.  The  linearity  behavior 
can  be  seen  in  all  l-V  plots  and  exhibit  almost  the  same  slope.  This 
finding  indicates  that  the  Rin  of  the  TEG  devices  is  almost  constant 
with  the  AT  and  load  operations  for  each  device.  From  these  l-V 
output  characteristics,  we  can  obtain  the  Rin  of  the  device.  The  Voc 
that  is  equal  to  the  intercept  of  the  l-V  line  reached  586  mV  and 
1480  mV  for  and  D2,  respectively,  at  AT  of  184K  and  TH  of 
523  K,  which  are  in  agreement  with  the  expression  V=Voc-RLI. 
This  value  is  lower  than  that  calculated  based  on  the  S-T  curves 
[8,3]  of  both  p-and  n-type  legs  (Vcaicuiated=  (Sp-Sn)  x  AT  xN, 
where  N  is  the  number  of  couples).  This  voltage  loss  could  have 
originated  from  numerous  factors  including  low  thermal  con¬ 
ductivity  of  alumina  substrate  [13]  and  unfavorable  junctions 
between  the  TE  legs  and  the  electrodes.  The  main  factors 
responsible  for  the  unfavorable  junctions  could  be  attributed  to 
dry  joints,  including  some  pores,  originating  from  the  differences 
between  the  legs  and  the  electrodes  in  terms  of  thermal  expan¬ 
sion  and/or  poor  affinity.  The  I-P  curves  illustrated  in  Fig.  1(a)  and 
(b)  exhibit  the  parabolic  curves  of  the  Pout I  an  analysis  of  the  plots 
of  l-V  lines  enable  the  observation  of  an  increase  in  Pout  with  AT. 
This  observation  results  from  the  rise  of  the  AT,  the  consequence 
of  which  is  an  increase  in  Voc  (Table  1  ).A  higher  value  of  Voc  results 
in  a  higher  lout  for  a  given  RL ,  thus  becoming  the  dissipated  power 
in  the  external  load  ( Pout  =  RJout )•  The  maximum  output  power 
Pmax  values  were  88.5  and  273  mW  for  Di  and  D2,  respectively,  at 
the  thermal  condition  of  523  K  TH  and  AT=184  K,  which  suggests 
these  results  are  comparable  with  the  results  of  Shanyu  et  al.  [4]. 
The  powers  of  devices  that  were  improved  by  increasing  the 
number  of  couples  between  the  hot  and  the  cold  sides  were 
investigated.  Voc  and  Pmax  systematically  increased  with  the 
number  of  p-n  couples,  thus  indicating  that  TE  power  could  be 
simply  controlled  by  a  change  in  module  design.  The  Rin  of  each 
device,  which  corresponds  to  the  slope  of  the  l-V  lines,  was 
directly  obtained  by  the  measured  system.  The  Rin  of  the  TEG 
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Fig.  1.  Output  voltage  ( Vout )  and  output  power  (Pmax)  as  a  function  of  electric 
current  of  the  TEG  device  comprising  (a)  9  (Di)and  (b)  18  (D2)  couples, 
respectively,  where  (/)  AT=27,  (II)  AT=66,  (III)  AT=104,  (IV)  AT=145,  and 
(V)  AT  =184  K. 


Table  1 

Maximum  open-circuit  voltage  ( Voc)  and  output  power  (Pmax)  under  various  AT  for 
Di  and  D2. 


D 

AT(I<) 

27 

66 

104 

145 

184* 

1 

Voc  (mV) 

124 

266 

342 

400 

586 

Pmax  (mW) 

4.10 

23.8 

38.0 

56.1 

88.5 

2 

Voc  (mV) 

246 

572 

992 

1253 

1480 

Pmax  (mW) 

8.34 

51.2 

144 

194 

273 

*  Reproducibility  at  TH  =  523  K  and  AT=184  for  and  D2  are  14.14  and  15.75, 

respectively. 


device  comprises  the  ideal  internal  resistance(Rld)  (the  resistance 
values  of  p-  and  n-type  samples)  and  the  electrical  contact 
resistance  Rc  (Rc=Rin-Rid  [2]),  which  in  turn  includes  the  resis¬ 
tance  of  the  electrodes  (Ag  paste-Cu  plate-Ag  paste)  and  the 
boundary  resistance  between  the  electrodes  and  the  thermo¬ 
electric  legs  [14].  In  these  generators,  Rc  is  mostly  attributed  to 
the  boundary  resistance  because  the  resistance  of  Ag-Cu-Ag 
electrodes  is  known  to  be  very  small  [2].  The  resistance  values 
of  D2  (Rin=2.01  Q  and  RC=1.57Q)  were  two  times  larger  than 
those  of  Di  (Rin  =0.97  Q  and  RC=0.75Q),  which  could  be 
attributed  to  the  differences  in  size  and  electrode  contact  areas 
among  the  two  devices  [15]. Therefore,  we  consider  that  the 
increase  in  Rc  might  be  attributed  to  the  boundary  resistance 
between  the  electrodes  and  thermoelectric  legs.  Fig.  2  presents 
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4.  Conclusions 

Chalcogen-based  TEG  devices  were  fabricated  using  Bi0.4Sbi.6_ 
Se2.4Te0.6  and  Bi2Se0.6Te2.4  bulk  TE  materials  as  the  p-  and  n-legs, 
respectively.  The  9-  and  18-couple  TE  devices  were  successfully 
prepared  and  characterized  in  terms  of  Pmax  and  high  Voc.  The  18- 
couple  device  could  generate  up  to  273  mW,  which  is  larger  than 
that  of  the  9-couple  device  under  the  thermal  conditions 
Th=  523  1<  hot  side  temperature  and  AT=184I<  temperature 
difference.  The  special  design  of  the  electrode  structure  of  the 
Ag  paste-Cu  plate-Ag  paste  is  demonstrated  to  be  an  effective 
for  enhancing  device  performance.  The  successful  demonstration 
of  the  excellent  TE  performances  of  the  as-prepared  devices 
suggests  the  great  potential  of  these  p-  Bi0.4Sb16Se2.4Teo.6  and 
n-  Bi2Se0.6Te24  TE  materials  for  future  power  generation 
applications. 
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Fig.  2.  SEM  images  at  the  junction  of  (a)  p-type  Bio.4Sb16Se2.4Teo.6  leg  and  (b)  n-type 
Bi2Seo.6Te2.4  leg. 


the  SEM  images  of  junctions  of  p-type  Bi0.4Sb16Se2.4Teo.6  and 
n-type  Bi2Se0.6Te2  4  legs.  These  junctions  demonstrate  that,  with 
the  relationship  between  Rc  and  Pmax,  Rc  should  be  minimized  for 
each  device  because  of  its  key  role  in  TEG  device  performance. 
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